Abstract: Molybdenum disulphide (MoS 2 ) is an earth-abundant material which has several industrial applications and is considered a candidate for platinum replacement in electrochemistry. Size-selected MoS 2 nanoclusters were synthesised in the gas phase using a magnetron sputtering, gas condensation cluster beam source with a lateral time-of-flight mass selector. Most of the deposited MoS 2 nanoclusters, analysed by an aberration-corrected scanning transmission electron microscope (STEM) in high-angle annular dark field (HAADF) mode, showed poorly ordered layer structures with an average diameter of 5.5 nm. By annealing and the addition of sulphur to the clusters (by sublimation) in the cluster source, the clusters were transformed into larger, crystalline structures. Annealing alone did not lead to crystallization, only to a cluster size increase by decomposition and coalescence of the primary clusters. Sulphur addition alone led to a partially crystalline structure without a significant change in the size. Thus, both annealing and sulphur addition processes were needed to obtain highly crystalline MoS 2 nanoclusters.
Introduction
Two-dimensional transition metal dichalcogenides (TMD) have attracted renewed attention since the isolation of graphene [1] [2] [3] . Molybdenum disulphide (MoS 2 ), as a representative member of the TMD family, has been widely investigated because of its intriguing catalytic [4, 5] , electronic [6] [7] [8] , optoelectronic [9] , and tribological [10] properties. MoS 2 layers have a sandwich structure with molybdenum atoms arranged between two sulphur sheets [7, 11, 12] . In nanoparticles, the atoms at the edge sites of the MoS 2 layers, rather than the basal plane atoms, make the main contribution to the catalytic activity. An example is the hydrogen evolution reaction (HER), where low-coordinated, additional sulphur atoms at Mo-edge sites are notably active in HER [4, [13] [14] [15] . In this case the material is sulphur-rich, with a stoichiometry of MoS 2+x , rather than MoS 2 . The electrocatalytic activity tends to decrease with an increase in the number of MoS 2 layers, due to poor electron hopping efficiency between the stacked layers [16] . In general, edge-abundant MoS 2 nanomaterials remain a potential substitute for scarce and costly platinum-based catalysts [15, 17] . Good control over the atomic structure of MoS 2 nanostructures should contribute to the enhancement of the catalytic performance.
Several methods have been developed to fabricate nanostructured MoS 2 with one or several layers, such as chemical exfoliation of bulk MoS 2 [18] , chemical vapor deposition (CVD) [16, 19] and solvothermal synthesis [20] . However, the chemical preparation of MoS 2 nanomaterials with well-defined size is still a formidable challenge. The preparation of size-selected MoS 2 nanoclusters by the cluster beam deposition technique was reported by Cuddy et al. [5] . The clusters were reported to be somewhat sulphur-poor. Sulphur addition by an electrochemical method was reported recently [21] . Here we report an in-vacuum processing approach, based on a combination of sulphur addition (by sublimation) and annealing inside the cluster beam source, to increase the sulphur content of the clusters and to explore structural modifications. The atomic structures of these MoS 2 clusters were characterised with an aberration-corrected scanning transmission electron microscope (STEM) in high-angle annular dark field (HAADF) mode [22] [23] [24] [25] . The modification process leads to enhanced cluster crystallinity at the cost of some increase in the cluster size.
Results and Discussion
MoS 2 nanoclusters with a mass of 160,000 amu, corresponding nominally to (MoS 2 ) 1000 , were produced using a gas condensation, magnetron sputtering cluster source in conjunction with a lateral time-of-flight mass filter [26, 27] . The clusters were deposited onto amorphous carbon-covered TEM grids with an impact energy of 1.5 eV per MoS 2 unit. Figure 1a shows an aberration-corrected HAADF-STEM image of (MoS 2 ) 1000 clusters at low magnification with a peak diameter of 5.5 nm (Figure 1b) . The clusters were deposited with a surface coverage of~5% to keep them separate. However, the image shows that some clusters diffused and aggregated after deposition. The HAADF intensity distribution (Figure 1c ) measured from 155 independent clusters indicates several peaks in the size spectrum. In order to confirm which peak corresponds to the original (MoS 2 ) 1000 clusters, the size of the cluster shown in Figure 1d was derived from Mo atom counting [22, 28] . This cluster was found to contain approximately 1100 Mo atoms and is located in peak 3. This indicates peak 3 is the peak corresponding to the original (MoS 2 ) 1000 clusters, while peak 4 corresponds to clusters with double mass. We note there are some clusters located in the lower intensity region (peaks 1 and 2, Figure 1c ) and, correspondingly, in the smaller diameter region (3.8 ± 1.8 nm, Figure 1b) . We believe that these smaller clusters may come from the fragmentation of the original clusters during the impact on the substrate surface. It is notable that the sum of the peak intensities of peak 1 and peak 2 in Figure 1c is located in the region of peak 3. An interpretation is that, during the formation process in the cluster source, small clusters may sometimes aggregate, being bonded to each other with a rather weak interaction in the gas condensation process. We envisage that such "composite clusters" may break up into two or more smaller clusters when they land on the support. Figure 1d highlights the atomic structure of one MoS 2 cluster at higher magnification and includes a fast Fourier transform (FFT) pattern (inset). The shape of the cluster is rather irregular and the absence of extended crystalline order is confirmed by the diffuse ring in the FFT pattern. While most clusters present such poorly ordered structures, a few clusters are observed with a more developed crystalline structure, as shown in Figure 1f . The uneven-layered structure of the cluster is evident in the steps in the HAADF intensity line profile ( Figure 1e ). The STEM image intensity is proportional to the number of MoS 2 layers. The HAADF intensity line profile indicates the cluster has an approximate pyramid shape with four layers in the central part. The layered structure of the MoS 2 clusters is also confirmed by the side-on cluster shown in Figure 1g . This side-on structure displays the (002) edge sites with a 0.67 nm interlayer spacing comparable with that of bulk MoS 2 (0.65 nm) [29] . Similar TEM images of particular side-on MoS 2 nanoparticles were reported recently by Fei et al. [30] . Such side-on clusters were captured in only a few cases, which might depend on favourable bonding to particular defects on the support. The previous study of MoS 2 clusters by Cuddy et al. [5] from our group demonstrated that the as-deposited MoS 2 nanoclusters were sulphur-deficient; the X-ray photoelectron spectroscopy (XPS) measurement gave a Mo:S ratio of 1:(1.6 ± 0.1) rather than 1:2. One possible cause of the limited crystallinity of the as-deposited MoS 2 nanoclusters observed here is such a sulphur deficiency. Thus, we have explored the addition of sulphur (by thermal sublimation of solid sulphur for 5 min) to the deposited clusters, in vacuum (in the cluster source), accompanied by thermal annealing (7 min, 215 ± 5 • C). The nominal amount of sulphur deposited was equivalent to a thick film (10,000 layers) but the excess sulphur (i.e., beyond that which bonds chemically to the clusters) should be sublimed away from the cluster surface given the annealing temperature. Sulphur has long been known to sublime at temperatures well below 100 • C [31, 32] . The STEM images and HAADF intensities of clusters subjected to this additional treatment are presented in Figure 2 . Compared with the as-deposited clusters (Figure 1a) , the STEM image at low magnification (Figure 2a ) reveals that the "sulphurised" and annealed clusters became larger. The size distribution shown in Figure 2b gives a peak diameter of 6.0 nm. The fragmental clusters (3.8 nm, Figure 1b ) may recombine with each other in this treatment, leading to the absence of the peak of smaller size in Figure 2b . STEM images at high magnification indicate that most of the clusters have rather crystalline structures. Figure 2c shows a single crystalline MoS 2 cluster with a single set of diffraction spots corresponding to the (100) plane with 0.26 nm spacing. The regular honeycomb pattern shown here originates from the atomic arrangements of Mo and S atoms, which is in agreement with the TEM studies on the MoS 2 nanoparticles made by other methods, e.g., CVD and exfoliation [33, 34] . The intensity profile shows this cluster consists of two, non-identical hexagonal layers; the brighter region in the middle has a bi-layered structure with mono-layer structures on both sides. While some clusters present this kind of layer stacking with the hexagonal atomic structure, some clusters show misorientation between layers, leading to a Moiré pattern. The cluster shown in Figure 2d consists of four layers; the layer step changes can be seen in the STEM image and are confirmed by the HAADF intensity line profile shown in Figure 2e . Layer 2 has a~30 • rotation angle with respect to layer 1, which is indicated by the STEM image and the two sets of diffraction spots in the FFT pattern. As in the case of as-deposited samples, we found a minority of side-on MoS 2 cluster structures after sulphur addition and annealing (Figure 2f ). This suggests that sulfur deficiency does not deteriorate the layered nature of MoS 2 , in agreement with the simulation first-principles study done by Wu et al. [35] , and sulphur addition and annealing do not affect the layer arrangement of the clusters and that the structural modification into crystalline clusters mainly takes place within the 2D layers.
To further understand the effect of the combined sulphur addition and annealing treatment on the MoS 2 cluster structures, we independently treated as-deposited MoS 2 clusters by annealing or sulphur addition alone. Annealed clusters are illustrated in Figure 3a ,b, where the clusters present poorly ordered structures confirmed by the diffuse FFT pattern. The most notable change is in the cluster size, which now shows two main peaks at 3.1 nm and 8.9 nm in the size distribution, shown in Figure 3c . Thus, the 5.5 nm peak in the original size distribution (Figure 1b) disappeared. As discussed above, some of the as-deposited (MoS 2 ) 1000 clusters are actually the result of the weak binding of several smaller clusters in the gas phase. We envisage that these component clusters are liberated in the annealing process, leading to the 3.1 nm peak in Figure 3c , or migrating and coalescing with other clusters to generate the 8.9 nm peak. Such a process could account for the dissolution of the main peak in Figure 1b and the formation of the two new main peaks in Figure 3c . In contrast with annealing, surface diffusion of clusters and coalescence is rarely observed in the purely sulphurised samples shown in Figure 3d . Their size distribution is illustrated in Figure 3f , showing a similar peak diameter (5.4 nm) as the as-deposited sample (5.5 nm, Figure 1b) . Note that there is no evidence in the images of a thick film of sulphur on the clusters; we suspect that warming of the sample by radiation from the nearby evaporator is sufficient to induce re-sublimation. These sulphurised MoS2 clusters (Figure 3e) show a partial improvement in crystalline structure, unlike the annealed MoS2 samples, but not to the same extent as the clusters which are both sulphurised and annealed. We concluded that the combination of annealing and sulphur addition of as-deposited, amorphous MoS2 nanoclusters is the best way to create the extended crystalline structures.
It has been reported that the structural damage on a crystalline MoS2 structure could be induced by an electron beam, where the maximum transferred energy from an electron beam with 200 kV is larger than the displacement threshold energy of the sulphur atom [36] . However, significant damage on the MoS2 crystalline structure was hardly observed in this work. This is presumably because of a short exposure time to the electron beam during taking images (~20 s for each image) and a small number of MoS2 layers. Although we cannot rule out the possibility of the electron beam damaging the structure, it does not affect the conclusion of this work.
In summary, we have modified size-selected (MoS2)1000 clusters, generated with a gas condensation cluster beam source and mass filter, by additional treatments after deposition. The aberration-corrected STEM images reveal layered but poorly crystalline features for most as-deposited clusters. However, a combination of sulphur addition and annealing led to a notable increase in extended crystallinity and a moderate increase in size. Clusters show decomposition and coalescence, resulting in both larger and smaller sizes compared with the as-deposited samples, whereas the clusters simply sulphrised retain their size but are only partially crystallised. Thus, to obtain the most crystalline MoS2 nanoclusters, the combination of annealing and sulphur addition is needed. This method, once developed further, may offer a new route to the creation of well-defined MoS2 clusters with a few layers for catalytic use. In contrast with annealing, surface diffusion of clusters and coalescence is rarely observed in the purely sulphurised samples shown in Figure 3d . Their size distribution is illustrated in Figure 3f , showing a similar peak diameter (5.4 nm) as the as-deposited sample (5.5 nm, Figure 1b) . Note that there is no evidence in the images of a thick film of sulphur on the clusters; we suspect that warming of the sample by radiation from the nearby evaporator is sufficient to induce re-sublimation. These sulphurised MoS 2 clusters (Figure 3e) show a partial improvement in crystalline structure, unlike the annealed MoS 2 samples, but not to the same extent as the clusters which are both sulphurised and annealed. We concluded that the combination of annealing and sulphur addition of as-deposited, amorphous MoS 2 nanoclusters is the best way to create the extended crystalline structures.
It has been reported that the structural damage on a crystalline MoS 2 structure could be induced by an electron beam, where the maximum transferred energy from an electron beam with 200 kV is larger than the displacement threshold energy of the sulphur atom [36] . However, significant damage on the MoS 2 crystalline structure was hardly observed in this work. This is presumably because of a short exposure time to the electron beam during taking images (~20 s for each image) and a small number of MoS 2 layers. Although we cannot rule out the possibility of the electron beam damaging the structure, it does not affect the conclusion of this work.
In summary, we have modified size-selected (MoS 2 ) 1000 clusters, generated with a gas condensation cluster beam source and mass filter, by additional treatments after deposition. The aberration-corrected STEM images reveal layered but poorly crystalline features for most as-deposited clusters. However, a combination of sulphur addition and annealing led to a notable increase in extended crystallinity and a moderate increase in size. Clusters show decomposition and coalescence, resulting in both larger and smaller sizes compared with the as-deposited samples, whereas the clusters simply sulphrised retain their size but are only partially crystallised. Thus, to obtain the most crystalline MoS 2 nanoclusters, the combination of annealing and sulphur addition is needed. This method, once developed further, may offer a new route to the creation of well-defined MoS 2 clusters with a few layers for catalytic use.
Materials and Methods
Size-selected MoS 2 nanoclusters were produced using a magnetron sputtering (DC, 45 W) and gas condensation cluster beam source [27] . A 2-inch sputtering MoS 2 target (PI-KEM, Tamworth, UK, 99.9% purity) was used and Ar (180 sccm) and He (160 sccm) gases were introduced to enable sputtering and cluster condensation, respectively. The positively charged clusters were accelerated with ion optical electrostatic lenses and then size-selected with a lateral time-of-flight mass filter [26] . A mass of 160,000 amu, corresponding to (MoS 2 ) 1000 , was selected for depositing onto an amorphous carbon coated TEM grids (Agar Scientific, Stansted, UK, 200 Mesh Cu). Sulphur addition was conducted in a sulphur atmosphere created by evaporating sulphur using a home-built in-situ thermal evaporator (5 min). Annealing (7 min, 215 ± 5 • C) was performed with an electron beam bombardment heating stage. The temperature was monitored using a pyrometer (IMPAC Pyrometer, IPE 140, LumaSense Technologies GmbH, Frankfurt, Germany). All the STEM images were taken with a 200 kV spherical aberration-corrected STEM (JEOL 2100F, Tokyo, Japan) in the HAADF mode [22] [23] [24] [25] .
